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Experimental and numerical analysis of micromechanical damage in the punching process for High-Strength Low-Alloy steels
Introduction
Punching is one of the most commonly used industrial sheet metal forming processes. It allows the elaboration of components using a relative small number of passes. The punching process is generally followed by other forming processes such as bending, edge rounding, stamping, and hydro-forming. The performance of these subsequent operations is thus related to the punching operation and the strain history in the punched zones. It is therefore important to identify and characterize the behavior and evolution of the damage caused by punching in order to take into account these phenomena in the global formability analysis of the manufacturing cycle. Good understanding of the damage mechanisms involved during shearing can reduce and limit damage, via the good management of the complete set of forming process parameters.
In the punching process, damage appears gradually in the sheet metal following the onset of plastic deformation and corresponds to a drop of the punching force. In terms of the numerical simulation of punching, there are two principal approaches: (a) empirical models and (b) models based on the evolution of a damage parameter. The first approach does not consider damage variables. A function of the loading and strain histories is used. This function is assumed to be capable of indicating the damage level. Hambli and Potiron [1] and Lemiale et al. [2] have published reviews of these criteria. Several criteria have been studied, including the Cockcroft-Latham criterion [3] , the Rice and Tracey criterion [4] and the Oyane criterion [5] . This author has determined the critical value for each criterion by knowing the punch penetration value at rupture and by adjusting the effect of the clearance between the punch and the die. The author proposed a modification of the Rice and Tracey criterion. This modification was justified by its ability to predict the penetration at fracture in relation to the influence of the clearance between the punch and the die.
Other studies have shown that the Cockroft-Latham criterion is able to realistically predict the penetration at failure [6] [7] [8] [9] [10] [11] . Bacha et al. [10] showed that in the zone between the punch and the die, large deformations are localized prior to the initiation and propagation of cracks. The crack path is controlled by the stress and strain fields in this area and the damage parameter is based on the accumulated plastic strain. These models, in which the damage is not coupled to the plasticity, have the advantage of being simple to implement in finite element codes and have a small number of parameters to identify. However, it has been shown experimentally that they overestimate the punching loads and are not capable of predicting the damage for complex loading paths and large plastic strain, which is the case for the punching process ( [6, [11] [12] [13] [14] [15] [16] ).
The second family of models is based on a coupled approach. In this category two damage models are widely used in metal punching. The first was proposed by Lemaitre [17] and is based on the thermodynamics of irreversible processes. The concepts of effective stress and strain equivalence are used to makes it possible to define a damage variable. The second model was proposed by Gurson, [18] Tvergaard and Needleman GTN [19] and is based on the analysis of the evolution of micro-cavities (nucleation, growth and coalescence). This model has the advantage of describing the physical evolution of the failure mechanisms. However, it is limited by the fact that shear effects are not taken into account in its formulation. This makes the model unable to predict damage localization and fracture under stress states characterized by low stress triaxiality such as those found in the punching process. For conditions in which shear loads are dominate the distortion of ligaments between voids and cavities plays a crucial role in the evolution of the internal degradation of the material. Therefore, to improve the predictive ability of GTN model under low levels of stress triaxiality, Nahshon and Hutchinson [20] and Nielsen and Tvergaard [21] proposed the introduction of a shear mechanism in the evolution law of the cavities.
The objective of this work is to experimentally and numerically characterize the punching process. The study begins with a microscopic analysis to identify the physical damage mechanisms that occur during punching operations, followed by a description of the experimentally observed phenomena using an improved numerical formulation based on a micromechanical approach. The damage predictions using this approach are compared to a non-coupled criterion based on the accumulation of plastic strain as a function of the stress state. Four values of the clearance between the punch and die have been studied in order to validate the predictive capacity of the models investigated in terms of the penetration at fracture initiation and the size of the different zones on the punched profile.
Experimental study

Tooling and operating conditions
Punching tests were carried out using a tool mounted on a hydraulic press (type: MIB) with a capacity of 100 tons, equipped with force and displacement transducers. The tooling consists of a punch and a die with a cylindrical shape (see Fig. 1 ).
Four punches with four different diameters D p were used to vary the clearance between the punch and the die.
The normalized clearance is calculated as a percentage of the sheet thickness t by the following equation:
where D d is the die diameter and D p is the punch diameter. The test specimens are square in shape (90 Â 90 mm 2 ) and are all taken from the same batch of material (thickness t = 3.55 mm). Table 1 summarizes the geometry of the punches used. The die diameter is held constant at D d = 40.6 mm. The radii of the cutting edges of the punch and the die are equal to 0.01 mm. All of the tooling (punches and die) is heat-treated to obtain an average hardness of approximately 60 HRC. The hardness of the sheet is approximately 30 HRC. A load cell of type FGS (Fine Guidance Sensor, reference: FN-2554) with a maximum capacity of 50 tons is embedded in the load train to directly measure the applied force (F). The punch displacement (d) is measured by a displacement transducer (type: BALLUFF 02F9-BTL). Both transducers are connected to a data acquisition system. The banking speed is fixed at 300 mm/min.
Punched profile characterization
In order to characterize the quality of the profile after punching, thirty specimens were prepared for micrographic analysis. 
Finite element modeling
Numerical conditions
The commercial finite element package, ABAQUS/Explicit, was used to simulate the punching process as a 2D axisymmetric model. The numerical simulation conditions and the initial mesh are shown in Fig. 5 . The size of the elements in the shear zone is 100 Â 100 lm. Axisymmetric 4-node quadratic elements with reduced integration (CAX4R) are used. The Coulomb friction model is used to represent the contact between the sheet and the tools with a coefficient of friction equal to 0.1. The punch and the die are considered to be rigid bodies. The ALE option (Arbitrary Lagrangian Euleurian) [22] is activated to avoid the distortion of elements in the most solicited area [23] . The following three damage models are investigated to determine their predictive capacity in terms of the punching process:
The classical Gurson-Tvergaard-Needleman model (GTN The flow potential proposed by Gurson-Tvergaard-Needleman (GTN) can be written as:
where r 0 is flow stress in the fully dense patrix, q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð3=2Þs : s p is the von Mises equivalent stress, s is the deviatoric stress tensor and p ¼ ÀtraceðrÞ=3 is the hydrostatic stress.
The damage variable f ⁄ , which takes into account the final decrease in load, is a function of the void volume fraction f:
f c is the critical value of the void volume fraction, f u ¼ 1=q 1 is the ultimate void volume fraction and f f is the void volume fraction at fracture. The evolution of the total void volume fraction, due to the plastic strain, is corresponding to the void growth and the nucleation of new voids:
The increment of volume fraction caused by the void growth is controlled by the trace of plastic strain rate, and takes the following form:
_ e p is the plastic strain rate tensor. Assuming the plastic strain only controls the nucleation mechanism as results of inclusions debonding and cracking. The increment of volume fraction caused by the void nucleation, which is controlled by the equivalent plastic strain rate _ e p , can be written as: The parameter A is defined as a function of the equivalent plastic strain. Chu and Needleman [24] proposed the form of the coefficient A as:
where f N is the quantity of voids nucleated per unit volume, e N is the nucleation strain and S N is corresponding standard deviation.
Modified GTN model in shear loading
For low stress triaxiality (g = Àp/q), the Gurson model is unable to predict the void growth rate. This issue is the subject of a recent modification of the GTN model, proposed by Nahshon and Hutchinson [20] . This modification introduces a phenomenological term that models the distortion and reorientation of voids dominated by shear stresses. This phenomenon was observed and discussed in [25] .
The new expression introduced by Nahshon and Hutchinson [20] is:
where w 0 ðrÞ is a function of the stress state, characterized by the normalized third invariant of the deviatoric stress tensor (n ¼ 27J 3 =2q 3 ). The function w 0 ðrÞ is given by:
where J 3 = det(s) is the third invariant of the deviatoric stress tensor,
is the unit tensor.
The parameter k w in Eq. (8) is the magnitude of the damage growth rate in shear.
The shear extension in Eqs. (8) and (9) has an important effect in some cases with higher stress triaxiality, like the case of uniaxial tension in a state of plane strain, where the stress triaxiality is approximately 0.577. Nielsen and Tvergaard [21] have introduced a simple extension to improve the damage development prediction at moderate to high stress triaxiality.
The extension has been proposed by introducing an additional factor, XðgÞ, in the shear damage evolution term, which depends on the level of stress triaxiality. For this, w 0 ðrÞ is expressed in the following form:
w 0 ðrÞ ¼ wðnÞXðgÞ; with XðgÞ ¼ 1;
; for g 1 6 g 6 g 2 0;
where g 1 < g 2 and wðnÞ are given by Eq. (9) . This implies that the Hutchinson and Nahshon model is used for g 6 g 1 , while the GTN model is used for g P g 2 .
Finally, after the addition of the new contribution for shear loads, _ f shear , the evolution of the total void volume fraction becomes:
This improved Gurson model for shear loading conditions has been implemented in the ABAQUS/Explicit finite element code, using a VUMAT subroutine [26] .
The material parameters have been calibrated using an identification strategy based on an experimental campaign using uniaxial tensile tests on smooth, notched and shear specimens, that covers a wide range of stress states. An inverse method is then used to identify the parameters, via comparison between the experimental and numerical data. The Ref. [25] presents more details for the parameters calibration procedure. The material parameters are summarized in Table 2 .
Ductile fracture initiation criterion
Ductile fracture predictions in the manufacturing phase can be obtained by the use of a ductile fracture initiation criterion [27] :
where e p is the equivalent plastic strain, e r is the plastic strain at fracture and g is the stress triaxiality. Tensile tests using different specimen geometries (see Fig. 6) were carried out to determine the function e r ðgÞ for different stress states.
The evolution of the stress triaxiality g is calculated numerically at the integration point of the element in which fracture initiation is predicted. The equivalent plastic strain at fracture e r corresponds to the drop in load or stress observed in tensile curves. It should be noted that the values of the parameter g are not constant during deformation. Consequently, average values are used to characterize their influence on ductile fracture.
The average triaxiality g moy is defined by the following formula [28] [29] [30] [31] :
Fig . 7 shows the evolution of the equivalent plastic strain at fracture as a function of the stress triaxiality which can be expressed in the following exponential form: e r ðgÞ ¼ 1:48e
In manufacturing processes, where ductile rupture is preceded by a high level of plastic strain, the indicator W can be used to estimate ductile fracture initiation. It is assumed that the fracture starts for W P 1. The elements, for which the indicator reaches the critical value, are deleted (using the ''kill element'' method).
Results and discussion
Experimental results
The process of crack creation
In order to describe the behavior of the sheet metal during the punching process, interrupted tests at various levels of punch penetration have been performed with a clearance of 13%. The specimens were analyzed by SEM (Scanning Electron Microscopy) in order to better understand the mechanisms of deformation and fracture in zone 1 (see Fig. 2 ) where the plastic strain and damage are located. Selected images from these observations are shown in Fig. 8 .
The crack path can be divided into two zones. A smooth area where a shoulder appears on the sheet surface, represented by zone A (Fig. 8a-c) , which begins to form parallel to the punching direction. The crack forms under a mode II loading condition (i.e. shear loads). In the area around the tip of the crack (zone B, Fig. 8d ), the crack propagates in mode I (i.e. under tensile loads) via deviation from the shear zone to the angle of fracture, b rup . Broberg [32] showed that the damage is limited to a small region at the crack tip. In the next section, the propagation mechanisms in this region are analyzed in detail. Fig. 9 shows images obtained just before crack initiation in the zone where the cutting tool edges make contact with the sheet metal for a clearance of 13%. A deformation area is located between the cutting edges of the punch and the die (Fig. 9a) . This area is associated with the concentration of the stress, strain, and damage fields. A network of micro-cracks ( Fig. 9c and d) with an average size of 150 lm and micro-cavities around inclusions with an average size of 60 lm, is propagated along the shear direction (punching direction). This set of micro-cracks and cavities appears prior to the initiation of the macroscopic crack (zone B in Fig. 8d ) which begins by forming the crack-tip via coalescence between multiple defects (voids and micro-cracks). These interactions allow the propagation of the crack-tip to defects created by the contact of the sheet with the cutting edge of the punch (Fig. 9b) . The propagation of this network between cavities and micro-cracks leads to the creation of the fracture zone defined by the parameters D fra and b fra .
Microscopic crack propagation mechanisms
The principal observed results from micrographic analysis are:
The crack propagates in a deformation zone where the material is completely plastically deformed. The damage is limited to the crack-tip which is formed on the cutting edge side of the die to form the fracture zone and that represents fracture initiation. The crack propagation mechanisms are defined by the interaction between the cavities and/or micro-cracks. These mechanisms affect locally the crack path.
Also, the crack path is not controlled by the local microstructure of the material, but by the plastic strain field close to the crack-tip.
Impact of the process on the hardness in the vicinity of the punched edge
A series of micro-hardness tests (200 g) were performed on punched specimens for the conditions J(%) = 13 and J(%) = 31. The punched profiles of the specimens used to measure the microhardness are similar to those shown in Fig. 3 . The aim of these measures is to estimate the evolution of work hardening along the shear zone. Fig. 10 shows that the hardness decreases from the edge of the specimen to its heard. The material hardness is affected by the punching operation over a distance which depends of the punch-die clearance (i.e. about 950 lm for J(%) = 13 and greater than 1 mm for J(%) = 31). For a fixed distance from the edge, the hardness, which reflects the hardening, is higher for a larger clearance.
Analysis of load-penetration curves
In this section, the experimentally determined load curves, obtained during punching tests, are compared to numerical results. Fig. 11 shows a significant difference between the slope of the elastic part of the experimental 1 and numerical curves, for the J = 13% condition. This difference is related to the stiffness of the press K press , which must be taken into account by correcting the experimental curve. This correction is discussed below and is similar to the method used in Refs. [33, 34] .
Press stiffness
The corrected displacement is given by:
where:
DX press ¼ F K press ð16Þ Fig. 10 . Micro-hardness profile near the shear zone of the punched surface. where K press = 31 KN/mm. This value is determined by minimizing the squared error between the experimental and numerical loads for values varying within the elastic range of the material (0-120 kN). Fig. 11 shows an example of a load-penetration curve, corrected using this method.
Prediction of load-penetration curves
Several numerical simulations have been performed, with the different clearance values tested experimentally, in order to study the influence of the clearance and to validate the fracture models investigated in this study. This is done by comparing the predicted maximum punching load and the penetration associated with fracture initiation, with the experimentally determined values. Fig. 12 shows a comparison between the experimental load-penetration curves and those predicted by the classical GTN model, the modified GTN model and the fracture initiation criterion. These results are analyzed in detail in the following section.
The influence of the punch-die clearance
The punch-die clearance is a process parameter that has a strong influence on the quality of the components produced by punching. Fig. 13 shows the evolution of the maximum load versus the punch-die clearance for both the experimental and numerical results. It can be observed that there is a decrease in the maximum punching load when the clearance is increased (i.e. a 204 kN for J(%) = 7 to 174 kN for J(%) = 31). The numerical curves have a similar shape to the experimental curves, for all clearance values. It is observed that the fracture initiation criterion provides an acceptable overall prediction of the maximum load compared to the other damage models. The prediction by the modified GTN model is an improvement compared to the conventional GTN model.
Influence of the punch-die clearance on the maximum load
Influence of the clearance on the penetration associated with fracture initiation
The penetration value U f associated with fracture initiation is calculated by the following formula [35] :
where r p is the radius of the cutting edge of the punch. Fig. 14 shows an increase in the value of U r as a function of the clearance (i.e. 27% of the thickness for J(%) = 7 to 32% of the thickness for J(%) = 31). Table 3 summarizes the prediction errors for the penetration at fracture initiation, with respect to the experimental results. It is noted that the modified GTN model results in good predictions for the penetration at fracture initiation for J(%) = 7 and J(%) = 13, but is less accurate for J(%) = 17 and the prediction for J(%) = 31 is far from the experimental result. This can be explained by the fact that the domain of validity of the parameter k w of the modified GTN model is limited by the range of stress triaxiality used for its identification. The classical GTN model is unable to predict the correct penetration at fracture initiation for all clearance values. The errors are 54% for J(%) = 7 and approximately 131% for J(%) = 31. This is due to the inadequacy of the model to capture the damage accumulation for shear dominated loads. The prediction errors for fracture initiation criterion decrease with increasing clearance. This criterion gives good predictions for clearances of J(%) = 17 and J(%) = 31, and is less accurate for the other two clearances (7% and 13%).
4.3.3.
Influence of the clearance on the evolution of the punched profile zone sizes Fig. 15 shows some examples of the numerically determined punched profiles obtained after the fracture. Note that the burr zone is absent for a clearance of 13% and that it is present for a clearance 31%. The fracture zone and the fracture angle are absent for the clearance of 31% for the prediction using the fracture initiation criterion. In the last image (Fig. 15d) the existence of two surfaces on the punched zone can be observed (i.e. a concave surface at the top of this area and a convex surface at the bottom before the burr formation). Fig. 16 shows the evolution of the size of the various zones on the punched profile as a function of the clearance value. For each clearance, the size of the zones shown in Fig. 3 is measured by SEM. Each experimental value is represents an average of five measured specimens.
The rollover zone (Fig. 16a) increases with increasing clearance. This is related to the fact that the sheet is subject to greater bend loads when the clearance is increased. It can be observed that the predicted evolutions of the size of this zone show the same trend, for all of the damage models, as the experimental evolution (i.e. the size of the zone increase with the clearance). The modified GTN model gives good predictions for the size of the rollover area for the first two clearance values, as does the fracture initiation criterion. However, the predictions are less accurate for the two largest clearances.
The sheared zone and the fracture zone ( Fig. 16b and c) are the largest surfaces of the punched profile. With increasing clearance, it can be observed experimentally (i.e. the blue curve) that the shear zone decreases and the fracture zone increases. For small clearances, the hydrostatic pressure in the shear zone is the highest which retards the crack initiation necessary to create the fracture zone. These results confirm the results from the literature described in Ref. [11] .
The modified GTN model is in good agreement with the experimental results for the first three clearances but is not predictive for the most important clearance (J(%) = 31) where the evolution is reversed. The prediction of these two parts with the fracture initiation criterion is fairly remote to experimental results.
The evolution of the burr zone, shown in Fig. 16d , shows the increase of this zone with increasing clearance values. The numerical prediction of the size of this area does not correspond to the experimental values. Indeed, the prediction of burr formation is absent for clearances less than 31%. Damaged elements are completely removed for the clearances 7%, 13% and 17%. For a clearance 31%, there is sufficient space for the elements to be deformed more freely and form a burr of significant size. Fig. 16e shows the evolution of the fracture angle as a function of the clearance for the experimental and numerical results. The experimental curve as well as those predicted by the classical GTN and the modified GTN models show that increasing the clearance leads to a significant increase in the fracture angle and therefore reduces the quality of the punched profile. Note that the numerical prediction obtained by the modified GTN model is in good agreement with the experimental results for the first three clearance values. It is observed that the formation of the fracture angle is absent from the numerical predictions for a clearance of 31% (Figs. 15d and 16e ).
Discussion
After having studied the influence of the clearance on (a) the maximum punching load, (b) the penetration at fracture initiation and (c) the evolution of the different zones forming the punched profile, it can be concluded that the choice of a relatively small clearance results in a smoother surface quality by reducing the fracture zone, the fracture angle and burr formation. A small clearance value limits geometrical defects and crack initiation. However, this choice leads to a high stress concentration at the cutting edges of the tools (die and punch) [14] , which may result in higher damage and wear and requires greater punching loads. Therefore, an optimal clearance value must be identified on the one hand, to obtain a good surface quality with an acceptable shear zone, and secondly to minimize the stress concentration at the tool cutting edges. The analysis of the stress state produced in the clearance zone, during the penetration of the punch into the material (Fig. 17) , shows that the stress triaxiality varies within a range of À0.2 to 0.6 depending on the level of punch penetration and the clearance value. The normalized third invariant stress remains constant in this zone (n $ 0).
For a given value of the clearance, the stress state associated with a punch penetration of 15% is similar to shear mode where the average stress triaxiality in this area does not exceed a value of approximately 0.1. When the punch penetration increases to 20%, the stress state evolves to a state of uniaxial tension. This trend continues up to a punch penetration up about 40% of the thickness of the sheet. The increase in the stress triaxiality is more localized near the cutting edge of the die, and is less pronounced near the cutting edge of the punch. The evolution of the stress triaxiality on both cutting edges, as a function of the punch penetration, results in the formation of a deformation zone that is home to high stresses which promote the initiation and propagation of cracks. Fig. 18 shows the distribution of the equivalent plastic strain for various stages of punch penetration and for each clearance value. For each condition, the appearance of a band of localized plastic strain can be seen at the contact between the tool cutting edges (punch and die) and the sheet. With increasing punch penetration, this band propagates on both sides, into the thickness of the sheet, to form a zone of plastic strain, the size of which depends on the clearance. The highest values of equivalent plastic strain are obtained for the highest values of punch penetration and smallest clearance value. This region is characterized by a very high level of work hardening prior to the damage phase.
Evolution of the equivalent plastic strain
In order to study the impact of the punching process on the punched edge after complete fracture, the hardened zone has been analyzed numerically in terms of its size and degree of hardening. Fig. 19 shows that the equivalent plastic strain decreases from the surface of the punched profile to the center of the heard, which confirms the micro-hardness values shown in Fig. 10 . A comparison between the results for two clearance values shows that the clearance affects the hardened depth. That is, an increase in clearance of 13-31% leads to an affected depth, which is 29% larger. The reduction of the clearance results in the high material hardening being localized near the punched profile. The equivalent plastic strain is reduced by 70% at 0.7 mm from the edge. This reduces the probability of cracking. Fig. 20 shows the distribution of the damage parameters (i.e. WF for GTN model, SDV13 for modified GTN model, and DUCTCRT for the fracture initiation criterion) as a function of the punch penetration for the J(%) = 13 condition. As discussed in the previous section, the finite elements models have shown that the plastic strain is localized in the shear zone. During this localization, the displacement of the punch causes damage localization in this area. The damage increases locally to a sufficiently large magnitude to cause internal failure of the material and consequently induce fracture along the thickness. The prediction of the location in which crack initiation occurs depends on the used model. Indeed, the classical GTN model, which overestimated the penetration associated with fracture initiation, shows that the crack initiates at the die side cutting edge and propagates in the direction of the contact between the sheet and the punch cutting edge (Fig. 20a) .
Damage and fracture predictions
The predictions obtained by the modified GTN model are shown in Figs. 20b and 21 . The damage accumulates and starts to grow at the die cutting edge (at 5% punch penetration) and at the punch cutting edge (at 10% of punch penetration). When the void volume fraction reaches its critical value (8%), fracture initiates at the die side cutting edge at 28.5% punch penetration. It propagates towards another crack created at the punch cutting edge at 33% punch penetration. Both cracks propagate toward the center of the thickness, which leads to total fracture of the material. The numerically predicted fracture location is in good agreement with the experimental observations shown in Fig. 8d .
The evolution of the void volume fraction is more rapid for the modified GTN model when compared to the classical GTN model (Fig. 22) . This significant acceleration in the growth rate of the void volume fraction is due to the accumulation of damage induced by the shear term in the modified GTN model which is neglected by the classical GTN model.
Concerning the fracture initiation criterion (Fig. 20c and Fig. 23 ), the fracture is controlled by the DUCTCRT parameter, which is equivalent to the parameter W in Eq. (12) . This parameter increases in the region between the cutting tool edges, due to the increase in plastic strain in this zone (Fig. 18) , when the punch penetrates the material. The highest values are observed in the vicinity of the cutting edges of the tools. For a punch penetration of 17.7% of the thickness, the indicator W reaches its maximum value of W = 1 near the cutting edge of the punch, causing fracture in this location. This is in contradiction with the experimental observations. At 30% punch penetration, a crack appears in the side of the cutting edge of the die. The fracture process develops on both sides until complete fracture at 34% of punch penetration (Fig. 20 IV) .
Conclusions
Experimental and numerical investigations of the axisymmetric punching process were conducted in this work and lead to the following conclusions:
Concerning the microscopic observations for a clearance value of J(%) = 13: -The formation of a deformation zone in the clearance zone between the punch and the die is characterized by the complete plastic behavior of the material in this band. -The damage is located near the die cutting edge, where crack initiation and propagation occurs. -The mechanisms of crack propagation are defined by the interaction between the cavities and/or micro-cracks. These mechanisms locally affect the crack path. The plastic strain and the degree of work hardening decrease with the distance from the punched edge to the heard of the part.
Increasing the clearance between the punch and die results: -An increase in the width of the hardened zone on the punched edge. -A decrease in the size of shear zone and an increase in the size of the fracture zone and the fracture angle. This favors the presence of geometrical defects and the risk of crack initiation. -A decrease in the stress concentration at the cutting edge of the tools, and therefore improves their operational lives. -The variation of the plastic strain field and the stress triaxiality in the shear zone. The predictions obtained by the modified GTN model, show good agreement with the experimental results when compared to the classical GTN model for clearances in the range of (7-13%). For the clearance range of (13-17%) the predictions are less accurate. For J(%) = 31 the predictions are far from the experimental results. 
